The purpose of this study is to better understand the roles of the p53 tumor suppressor protein and the product of the p53-regulated gene p21 WAF1 in the response of diploid human dermal ®broblast cultures to 254 nm ultraviolet (UV) light. We report that Li ± Fraumeni syndrome (LFS) ®broblast strains heterozygous for TP53 mutation at either codon 245 or 234 exhibit markedly reduced or no expression of p21 WAF1 following UV irradiation, respectively. These strains also exhibit defective nucleotide excision repair and pronounced inhibition of RNA synthesis following UV exposure, both of which are molecular hallmarks of cells derived from patients with the UV-sensitive syndrome xeroderma pigmentosum. In sharp contrast to xeroderma pigmentosum cells, however, the repair-de®cient LFS cells show abnormal resistance, rather than hypersensitivity, to the killing eect of UV light. We further demonstrate that exposure of normal human ®broblasts to biologically relevant¯uences (415 J/m 2 ) of UV does not induce apoptotic cell death, indicating that UV resistant phenotype displayed by LFS strains is not associated with deregulated apoptosis. In normal ®broblasts, such treatment results in a moderate (*threefold) up-regulation of p53 protein, induction of the p21 WAF1 gene, and a senescence-like growth arrest. On the other hand, exposure to 520 J/m 2 UV results in a striking up-regulation of p53, inhibition of p21 WAF1 expression, and activation of an apoptotic pathway. We conclude that: (i) p21
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-mediated senescence is the principal mode of cell death induced by 415 J/m 2 UV light in normal human ®broblasts; (ii) there is a threshold eect for p53-dependent apoptosis and that, in normal human cells, this threshold level is induced upon expsoure to *20 J/m 2 UV; (iii) the p53 signaling pathway is malfunctional in the TP53 heterozygous LFS strains examined; and (iv) the enhanced resistance to UV-induced cell killing displayed by these LFS strains is a consequence of diminished growth arrest, which is
Introduction
The tumor suppressor TP53 gene plays a pivotal role in the maintenance of genomic stability and cellular homeostasis. Loss of TP53 function through mutation is commonly found in a wide variety of human malignancies (Greenblatt et al., 1994; Harris, 1996) . The gene encodes a 393 amino acid, 53 kDa phosphoprotein which regulates the expression of genes that contain p53 recognition sites in their promoters, including p21 WAF1 (El-Deiry et al., 1995) , GADD45 (Kastan et al., 1992) , MDM2 (Juven et al., 1993) and BAX (Miyashita and . Genotoxic stress leads to a transient increase in the level of p53 protein, resulting from enhanced stability, as well as potentiation of its transactivation property. These modi®cations are controlled by phosphorylation at sites within its N-terminal transactivation domain and the C-terminal oligomerization domain (Bargonetti et al., 1993; Pavletich et al., 1993; Wang et al., 1994) . Depending on the cellular context, increased stability of p53 protein and induction of p53-responsive genes following genotoxic insult may lead to either cell cycle arrest (Hartwell and Kastan, 1994) or apoptosis (Lowe et al., 1993) . In addition, wild-type (wt) p53 protein may also directly participate in the nucleotide mode of excision repair that is responsible for removal of bulky DNA lesions such as cyclobutane pyrimidine dimers (CPDs) induced by ultraviolet (UV) light (Wang et al., 1995; Mummenbrauer et al., 1996) .
Germ-line mutations in the TP53 gene are frequently observed in individuals with Li ± Fraumeni syndrome (LFS) (Malkin et al., 1990; Srivastava et al., 1990; Strong et al., 1992) . LFS is an autosomal dominantly inherited familial syndrome characterized by the occurrence of a wide spectrum of multiple tumors and soft tissue sarcomas with an unusually early age of onset (reviewed by Varley et al., 1997) . Functional analyses of p53 protein revealed that mutant (mut) forms derived from LFS patients exert a negative trans dominant eect on the DNA binding/transactivation capacity of the wt counterpart in various in vitro experimental situations (Srivastava et al., 1993a, b) . Li et al. (1994) , however, demonstrated that the level of p21 WAF1 transcripts in LFS cells heterozygous (het) for TP53 mutations was similar to that in normal cells, signifying the presence of a residual wt p53 function sucient for normal expression of p53-regulated genes. More recent evidence suggests that the constitutive level of p21 WAF1 and the level induced following genotoxic damage may be controlled through distinct mechanisms, the former mediated by the product of the p73 gene and the latter by p53 (Oren, 1997) . Furthermore, according to Loignon et al. (1997) , the induction of p21 WAF1 occurs independently of p53 in human skin ®broblast cultures treated with 254 nm UV light.
Non-cancerous dermal ®broblast strains derived from members of the LFS kindred under study by us harbor either a germ-line (codon 245) or somatic (codon 234) mutation in one allele of the TP53 gene (Srivastava et al., 1990; Mirzayans et al., 1995) . These strains exhibit an unusually complex phenotype, encompassing abnormal resistance to the killing eect of acute g irradiation (Bech-Hansen et al., 1981) and faulty DNA double-strand break rejoining (Parshad et al., 1993) . In addition, these LFS strains are defective in excision repair of CPDs (Wang et al., 1995) and show pronounced inhibition of nucleic acid synthesis following UV exposure (Mirzayans et al., 1996) , properties characteristic of the UV-sensitive disorders xeroderma pigmentosum (XP) and Cockayne's syndrome (CS) (Hanawalt, 1994) . The status of the p53 signaling pathway in these LFS strains is not established, nor is their response to the killing eect of UV radiation known.
In the study reported here, we demonstrate that: (i) these TP53 het LFS ®broblast strains manifest decreased p53 protein levels following irradiation with 254 nm UV light with respect to a spousal control strain harboring two normal copies of the TP53 gene; (ii) TP53 het 245 LFS ®broblasts show markedly reduced expression of p21 WAF1 post-irradiation when compared to normal controls, while TP53 het 234 ®broblasts fail to express p21 WAF1 ; (iii) despite defective removal of UV-induced CPDs in the transcriptionally active c-MYC gene, LFS cultures exhibit abnormal resistance to UV cytotoxicity as determined by a clonogenic survival assay; and (iv) this UV-resistant phenotype is a consequence of aberrant growth arrest, presumably mediated by p21
WAF1
, rather than anomalies in apoptotic cell death.
Results
Impaired up-regulation of p53 and expression of p21
WAF1
following DNA damage in LFS cells Several previous studies have shown that genotoxic agents induce stabilization and transient accumulation of wt p53 protein in mammalian cells which leads to increased expression of p53 down-stream genes such as p21
. Employing Western blotting, we ®rst compared normal and LFS ®broblast strains with respect to the level of p53 protein at various times after treatment with 254 nm UV light. Representative immunoblots for 3, 6 and 24 h are presented in Figure 1 . As expected (Loignon et al., 1997) treatment of normal ®broblasts with 10 J/m 2 UV led to an increase in p53 protein above the constitutive level at all time points examined. The p53 level at 6 h postirradiation increased to *®ve times the basal (uninduced) level. Exposure of TP53 het 254 LFS ®broblasts (strain 2675T) to 10 J/m 2 UV resulted in a moderate up-regulation of p53 protein and this response was shorter lasting in LFS than in normal cells. On the other hand, UV irradiation failed to upregulate p53 protein in TP53 het 234 LFS ®broblast cultures (strain 2800T). These latter LFS cultures were found to contain abnormally high levels of p53 protein in the absence of DNA damage, a response which has been reported for human tumor cell lines homozygous for certain TP53 mutations (O'Connor et al., 1997).
We next determined the abilities of LFS and normal strains to express p21 WAF1 in the presence and absence of genotoxic insult, using both Western blot and Northern blot procedures. The results are presented in Figures 1 and 2 transcript and p21 protein levels were appreciably lower in LFS strains than in normal controls and; (iii) ®nally, the LFS strains displayed either markedly diminished (strain 2675T) or no measurable (strain 2800T) expression of p21 WAF1 transcripts and p21 protein following the introduction of DNA damage.
Slow recovery from UV-induced inhibition of RNA synthesis in LFS cells
Bulky DNA lesions such as CPDs and (6-4) photoproducts formed in transcriptionally active genes block the transcription machinery and in turn suppress total RNA synthesis. The rate of recovery from DNA damage-induced inhibition of RNA synthesis, therefore, directly correlates with the ability of cells to repair such lesions in transcribed genes. Abnormalities in both recovery of RNA synthesis and transcriptioncoupled repair following UV irradiation are the molecular hallmarks of the UV-sensitive syndromes CS and XP (Hanawalt, 1994; Bootsma et al., 1995) . In a previous study we reported that, like cells from CS and XP patients, ®broblast cultures of the LFS strains 2675T and 2800T showed impaired recovery of RNA synthesis 6 h after irradiation with 5 J/m 2 UV (Mirzayans et al., 1996) . The outcome of a more extensive RNA synthesis study is presented in Figure 3 . The response of these LFS cultures proved to be similar to that of XP group E cells. Compared with normal controls, the LFS and XPE cells exhibited decreased recovery of RNA synthesis 6 h following exposure to 5 or 10 J/m 2 of UV light. At 24 h postirradiation, however, the rate of RNA synthesis recovered to 580% (in irradiated relative to unirradiated cultures) in LFS, XPE and normal fibroblasts. Conversely, XP group G ®broblasts, which are impaired in the transcription-coupled repair of UV photolesions (Bootsma et al., 1995) , showed little, if any recovery of RNA synthesis 24 h after UV exposure. These results suggest that 2675T and 2800T cells eciently repair UV-induced DNA lesions in transcriptionally active genes, but at a slower rate with respect to normal ®broblasts.
Defective removal of CPDs in LFS ®broblasts
Although stain 2675T has been reported to exhibit impaired removal of CPDs following UV irradiation (Wang et al., 1995) , it should be noted that the repair assay employed in the previous study required metabolic labeling of genomic DNA under conditions known to activate the p53 signaling pathway (Dover et al., 1994; Yeargin and Haas, 1995) . Since p53 and the products of some p53-regulated genes are involved in DNA repair (Wang et al., 1995; Mummenbrauer et al., 1996; Smith and Fornace, 1997) , it is possible that the previous repair measurements might have been signi®cantly in¯uenced by radiolabeling of DNA. We therefore compared the repair capacity of LFS and control (normal, XP) ®broblast strains in the absence of metabolic labeling. To this end, ®broblast cultures were irradiated with 5 J/m 2 UV and their DNA was isolated either immediately (to monitor the initial incidence of CPDs) or after a 6 h incubation in the presence of hydroxyurea. (This inhibitor of ribonucleotide reductase suppresses DNA replicative synthesis without in¯uencing the excision repair capacity of human ®broblasts (Mirzayans et al., 1993 (Mirzayans et al., , 1996 or inducing the p53 response (Linke et al., 1996) .) DNA isolated from these cultures was subjected to Southern blot analysis using a 32 P-labeled, 1.2 kb probe spanning the third exon of the transcriptionally active c-MYC gene. The 6 h time point was chosen based on the results of Wang et al. (1995) demonstrating that normal human cells repair *50% of CPDs in the dihydrofolate reductase gene over 6 h following exposure to 10 J/m 2 UV, whereas LFS ®broblasts exhibit little repair during this time. Under conditions of our current experiments, we observed 60 ± 80% repair of CPDs following 5 J/m 2 irradiation in the normal strains GM38 and 2525T, and virtually no repair in the XP group G strain XP2BI (Figure 4 ). Cultures of 2675T and 2800T removed 30% and 20% of lesions induced upon 5 J/m 2 irradiation, respectively. Therefore, in the absence of metabolic labeling, the LFS strains 2675T and 2800T displayed less than 50% of normal cell's ability to excise CPDs in the c-MYC gene over the 6 h post-irradiation period.
Abnormal resistance of LFS cells to UV-induced cytotoxicity
The clonogenic survival assays demonstrated that the LFS strains 2674T, 2675T and 2800T were signi®cantly more resistant to the killing eect of UV radiation than the normal strains 2525T, GM38 and GM43 ( Figure  5 ). The D 10 (UV dose required to reduce clonogenic survival to 10%) values of the LFS strains (12 ± 15 J/ m 2 ) were approximately two times the D 10 values of the normal strains (7 ± 9 J/m 2 ). On the other hand, as expected (Andrews et al., 1978) , XP cells showed reduced survival following UV damage when compared to normal controls ( Figure 5 ).
Relationship between p53/p21 protein levels and apoptosis in human cells treated with UV The development of apoptosis following exposure to 254 nm UV light has been reported for a variety of mammalian systems (see, e.g., Ford and Hanawalt, 1995; WoÈ rner and Schrenk, 1996; Ljungman and Zhang, 1996; Chung et al., 1998) . Those previous studies, however, employed¯uences (520 J/m 2 ) which reduce the clonogenic ability of repair-pro®cient human cells by more than three orders of magnitude ( Figure 5 ; Ford and Hanawalt, 1995) . UV photolesions persisting in the genome of human cells after high dose irradiation would be expected to induce apoptosis through excessive accumulation of p53 protein and, on the other hand, interference with the expression of such essential genes as MDM2, required for suppression of the activity of p53 (Momand et al., 1992) , p21
WAF1
, and BCL family of genes necessary for protection against apoptosis (Gorospe et al., 1997; Miyake et al., 1998) . These predictions raise several important questions. For example, what¯uence of UV potentially inhibits gene expression in human ®broblasts? Is there a threshold eect for p53-mediated apoptosis in UVdamaged cultures? If so, what¯uences of UV cause sucient p53 accumulation to cross that threshold?
In an attempt to address these questions, we treated normal (2525T) and XP group G (XP2BI) ®broblast cultures with dierent doses of UV and assayed them for p53 and p21 protein content, recovery of RNA Figure 1 Western blot analysis of p53 and p21 protein levels in the indicated ®broblast strains. Cells were irradiated with 10 J/m 2 and incubated for speci®ed times. Whole-cell extracts were prepared and equal amounts of protein were loaded into each lane. Blots were probed with either a monoclonal antibody against wt p53 or a monoclonal antibody against p21 as indicated, and visualized using enhanced chemiluminescence synthesis and induction of apoptosis. As can be seen in Figure 6 , treatment of normal ®broblasts with 30 J/m 2 , and XP cells with 10 J/m 2 , caused a striking (420-fold) up-regulation of p53 protein which was accompanied by the development of apoptosis. The recovery of RNA synthesis and the expression of p21 protein were also blocked after such treatments. By contrast, normal cells irradiated with 10 J/m 2 UV showed only a moderate (*threefold) enhancement of p53 protein and there was no evidence for increased apoptosis in irradiated compared to unirradiated cultures. Moreover, normal ®broblasts expressed elevated amounts of p21 protein and displayed ecient recovery of RNA synthesis in response to 10 J/m 2 irradiation. The induction of apoptosis may occur immediately following genotoxic insult or after one or more cell divisions (Martin and Green, 1994) . To determine the fate of the cells at late time (after 72 h) postirradiation, [ These results show that normal human ®broblasts treated with 415 J/m 2 undergo a permanent arrest resembling senescence (Di Leonardo et al., 1994; Li et al., 1995; Yount et al., 1996) , presumably mediated by p21 WAF1 , whereas treatment with higher doses leads to a substantial accumulation of p53 protein and prolonged inhibition of transcription which are followed by apoptotic cell death. The ®nding that normal fibroblasts do not undergo apoptosis following irradiation with 415 J/m 2 UV indicates that the UV resistant phenotype displayed by the LFS strains 2675T and 2800T, demonstrated by the clonogenic survival assay (Figure 5 ), is not a manifestation of deregulated apoptosis. mRNA levels determined at 6 h post-irradiation. The densitometric measurements for p21 WAF1 mRNA were normalized to those for corresponding b-actin mRNA. The data are expressed as normalized p21 WAF1 values for a given sample relative to that for unirradiated 2525T cells (set at 1). Results from three experiments are averaged for each strain. Bars, s.e. 
Discussion

Faulty p21 expression in heterozygous LFS ®broblasts
The dermal ®broblast strains 2674T and 2675T harbor a germline mutation in codon 245 (GGC?GAC; glycine?aspartic acid) of the TP53 gene (Srivastava et al., 1990) , whereas strain 2800T contains wt codon 245, but a mutated codon 234 (TAC?TGC; tyrosine?cysteine) of TP53 (Mirzayans et al., 1995) . In the current study, we have shown that the basal level of p21 WAF1 mRNA transcripts is signi®cantly lower in these three LFS strains when compared to control strains carrying wt TP53. Moreover, increases in the amounts of p21 WAF1 transcripts and p21 protein in response to DNA damage, seen in normal cells, are minimal in TP53 het 245 LFS cultures while they are virtually undetectable in TP53 het 234 cultures. Therefore, the presence of a mut TP53 allele in these LFS strains exerts a signi®cant in¯uence on the expression of p21
WAF1
, both in the presence and absence of genotoxic damage. Given that p53 protein tetramerization is necessary for its functionality as a transcription factor (Sakaguchi et al., 1997) , it is possible that wt and mut 245 p53 proteins may form tetramers with reduced DNA binding/transcriptional capacity, while wt and mut 234 proteins may form dysfunctional tetramers.
In apparent disagreement with these ®ndings, Loignon et al. (1997) observed the expression of p21 protein following 254 nm UV-irradiation in LFS ®broblast cultures carrying an alteration in codon 184 or 248 of TP53, involving one or both alleles of the gene. These workers, therefore, concluded that UVinduced expression of p21 is mediated through a p53-independent pathway in human cells. In accordance with our ®ndings, Smith et al. (1995) reported that disruption of the normal p53 function in human cells not only reduces the basal level of p21 protein, but also blocks p21 WAF1 induction following UV exposure. These latter results, in concert with those of the present study, indicate that the induction p21 WAF1 by 254 nm UV light is exclusively controlled by p53. The con¯icting results obtained by us and Loignon et al. raise the possibility that dierent TP53 mutations found in LFS patients may confer distinct cellular phenotypes, even when the mutations reside in the same conserved region (in this case, domain IV spanning codons 234 ± 258; Soussi et al., 1990) of the gene.
Relationship between DNA repair eciency, p21 protein levels and viability in human cells treated with UV radiation
The LFS strains under study exhibit abnormal resistance to UV cytotoxicity ( Figure 5 ) but impaired excision-repair of CPDs over short times (i.e. 6 h) following UV treatment (Figure 4) . Over prolonged times post-treatment, however, these strains appear to eciently remove UV photoproducts in transcriptionally active genes, as witnessed by the complete recovery of RNA synthesis by 24 h post UV irradiation ( Figure  3 ). This ecient, albeit slow rate of repair of CPDs seen in LFS cells is in keeping with the notion that p53 and p53-regulated gene products (e.g. p21 and GADD45) have auxiliary roles in nucleotide excision repair (Smith et al., 1995; Mirzayans et al., 1996) but are not essential for the core process (Aboussekhra et al., 1995). The repair characteristics of these TP53 het LFS cells are therefore similar to XP complementation group E. Although cells belonging to this group of XP remove UV photoproducts at a slow rate (Galloway et al., 1994) , they nonetheless exhibit complete recovery of RNA synthesis 24 h after UV exposure (Figure 3) .
What is the basis of the dierential cytotoxic responses of LFS and XP cells towards UV light? To address this question, the signal for stabilization of p53 protein and the mode of cell death induced by UV radiation should be clari®ed. It has been generally assumed that strand breaks accumulating in DNA as a result of incomplete excision-repair events may be the signal for induction of p53 by UV light. In contrast to this belief, studies reported by Yamaizumi and Sugano (1994) and Ljungman and Zhang (1996) indicate that the arrest of transcription by unrepaired DNA photoproducts (but not strand breaks) may be the trigger for p53 stabilization. In support of this latter conclusion, in our current work XP group G cells (which do not accumulate excision-associated strand breaks) failed to repair CPDs in a transcriptionally active gene (Figure 4 ) and proved to be extremely susceptible to UV-induced up-regulation of p53 ( Figure  6a ), suggesting that it is the intact bulky DNA damage that triggers the p53 response.
The primary role of p53 in maintaining genetic stability in response to DNA damage is through elimination of injured cells from the reproductively viable population either by apoptosis or p21-mediated growth arrest, depending on cellular context and genetic background (Di Leonardo et al., 1994; Gadbois et al., 1997) . In our current study we failed to observe an appreciable level of apoptosis in normal human cells treated with 415 J/m 2 UV (Figures 6 and  7) . Such treatment resulted in a permanent arrest resembling senescence; that is, loss of proliferative ability in the absence of DNA degradation (Figure 6b and c) and loss of membrane integrity/cellular homeostasis resulting in permeability of the cells tō uorescent dyes such as PI when assayed several days after UV exposure (Figure 7b ). The potential role of p21 WAF1 in this process of growth arrest was revealed by the ®nding that in all cell types examined, the extent of cellular sensitivity to UV and the degree of p21 WAF1 expression were positively related (compare Figures 2b  and 5 ). In addition, high levels of p21 WAF1 were maintained for long times after irradiation ( Figure  2a ). Sustained p21 WAF1 expression observed in UVirradiated cultures may induce cellular senescence not only through its inhibitory eect on the cyclindependent kinases that permit cells to cycle and synthesize DNA (Elledge, 1996) , but also through facilitating DNA hypermethylation (Chuang et al., 1997) which may thereby inhibit the expression of some 40 000 human genes that contain CpG islands within their promoters (Baylin, 1997) .
Collectively, these observations lead us to propose the following scenario with respect to the relationship between DNA repair eciency, p21 protein levels and viability in human cells treated with¯uences of UV (515 J/m 2 ) which cause no more than *99% loss of clonogenic survival (also see Figure 8 ). In normal cells, the presence of relatively low amounts of DNA lesions at a critical time (e.g. 6 h) following such treatments results in a moderate increase in p53 protein which then transactivates p21
WAF1
, thereby leading to a senescence-like inhibition of cell growth. Upon exposure to UV, the signal (i.e. DNA damage) for triggering the p53/p21 events in repair-de®cient LFS and XP cells is stronger and more persistent than in normal cells. LFS cells, however, respond poorly to the signal due to faulty p53 transactivation capacity, and hence exhibit abnormal resistance to UV cytotoxicity. XP cells, on the other hand, increase their p53/p21 protein content post-irradiation to levels greater than those arising in normal cells. High levels of both p53 and p21 proteins persist for extended times in XP cells and lead to elevated cytotoxicity either through growth Figure 8 Model for the mechanism of cytotoxicity induced by DNA-damaging agents. Exposure of normal human ®broblasts to ionizing radiation results in stabilization of p53 protein through an ATM-dependent signaling pathway (Meyn, 1995) . This, in turn, leads to transactivation of p53-regulated genes such as MDM2, BCL2 and p21
. MDM2 protein forms an autoregulatory feedback loop with p53 and suppresses its activity at the post-transcriptional level (Momand et al., 1992) ; BCL2 protects cells against apoptosis (Miyake et al., 1998) ; p21 protein may induce a transient cell cycle checkpoint (Hartwell and Kastan, 1994) or a permanent growth arrest resembling senescence (Di Leonardo et al., 1994; Noda et al., 1994) , depending on the extent of genotoxic insult. With regard to apoptotic cell death, the degree of enhancement of p53 activity following ionizing radiation is below the threshold level required for triggering apoptosis (Enns et al., 1998) . Exposure of normal human cells to biologically relevant¯uences of 254 nm UV light (i.e. 515 J/m 2 ) triggers a response similar to that seen following ionizing radiation, except that the induction of the p53 protein in UV-damaged cultures appears to be mediated by a kinase(s) other than ATM (Khanna and Lavin, 1993; Ljungman and Zhang, 1996) . On the other hand, exposure of normal cells to extremely high doses of UV activates an apoptotic pathway through extensive and prolonged up-regulation of p53 protein coupled with inhibition of transcription arrest or apoptosis depending on the UV¯uence administered.
Relationship between p53 protein levels and apoptosis in human cells treated with UV radiation
The experiments we report here demonstrate a threshold eect for p53-induced apoptosis in diploid human ®broblast cultures treated with UV light. In normal ®broblasts, this threshold level is observed following *20 J/m 2 irradiation, a¯uence which results in 420-fold increase in their p53 protein content, prolonged inhibition of RNA synthesis, and loss of clonogenic potential by approximately three orders of magnitude (Figures 5 and 6 ). Recent evidence indicate that: (i) the polyproline region of p53, which is located between its DNA binding and transactivation domains, plays a key role in apoptotic signaling (Sakamuro et al., 1997) ; (ii) the products of several p53-regulated genes including p21 WAF1 (Gorospe et al., 1997) and BCL2 (Miyake et al., 1998) are necessary for protection against p53-regulated apoptosis; and (iii) the activation of p53 target genes does not occur following high dose (e.g. 50 J/m 2 ) irradiation, potentially due to an accumulation of high levels of DNA lesions that interfere with transcription (this study; Tommasi et al., 1996; Reinke and Lozano, 1997) . Therefore, extensive DNA damage following irradiation with 530 J/m 2 UV may trigger the apoptotic pathway through concomitant p53 stabilization maintained for long times, and inactivation of the transcriptional machinery.
Studies undertaken to demonstrate the role of p53 signaling pathway in cellular response to DNAdamaging agents have produced inconsistent results (Bristow et al., 1996) . The work of DeFrank et al. (1996) with murine embryonic ®broblasts indicates that p53 has no in¯uence on cell survival following UV irradiation. On the other hand, several groups have reported that loss of p53 function by expression of the HPV-16-E6 protein results in enhanced susceptibility to UV-induced cell killing (Smith et al., 1995; Ford et al., 1998; Cistulli and Kaufmann, 1998) . By contrast, absence of wt p53 function in spontaneously immortalized LFS cell lines leads to increased UV resistance (Ford and Hanawalt, 1995) . The basis for these con¯icting observations remains to be elucidated. The model that we have proposed here for the cytotoxic action of UV radiation (Figure 8 ) is based on the ®ndings of the present study in a diploid context and the absence of viral gene expression.
In conclusion, we have demonstrated impaired induction of p21 WAF1 following 254 nm UV irradiation in LFS ®broblast strains heterozygous for TP53 mutations at codon 234 or 245, indicating that: (i) the presence of such mut TP53 alleles exert negative trans-dominant eect on in vivo transcriptional activity of the wt p53 protein; and (ii) wt p53 function is required for induction of p21 WAF1 by UV light. Abnormal resistance of these LFS strains to UVinduced cytotoxicity correlates with their impaired ability to express p21 WAF1 post-irradiation. Moreover, as summarized in Figure 8 , our results reveal that the mode of cell death induced by UV light in p53-pro®cient human diploid ®broblast cultures is dependent upon the¯uence of UV administrated. Treatment of normal cells with biologically meaningful doses of UV (i.e. 515 J/m 2 ) activates the p53/p21 signaling pathway leading to sustained growth arrest, whereas treatment with extremely high doses results in a marked enhancement of p53 protein, inhibition of gene transcription and apoptotic cell death. In normal ®broblasts, the threshold level for p53 to induce apoptosis amounts to *20 times the constitutive p53 level, which is observed upon exposure to 420 J/m 2 UV. These ®ndings may have clinical rami®cations. Given that abnormal resistance of tumor cells to apoptosis induced by therapeutic agents is a major obstacle in the management of malignant disease (Milas et al., 1994; Weller et al., 1995) , our current ®ndings warrant further studies to identify factors which may in¯uence the apoptotic threshold and to explore means of speci®cally decreasing the threshold in p53-pro®cient malignant cells for improved therapeutic outcome.
Materials and methods
Cells and culture conditions
Pertinent characteristics of the human ®broblast strains employed here are given in Table 1 . All strains were free of Mycoplasma contamination and were used between passages 12 and 20. Cultures were maintained as monolayers in Ham's F12 medium supplemented with 10% (v/v) fetal bovine serum, 1 mM L-glutamine, 100 IU/ ml penicillin G and 100 mg/ml streptomycin sulfate in a 378C chamber incubator providing a humidi®ed atmosphere of 5% CO 2 in air. For RNA synthesis experiments the medium was modi®ed by omission of thymidine (dThd). Srivastava et al. (1990) and Mirzayans et al. (1995) . c
Spousal control
Western blotting Cellular p53 and p21 protein levels were determined by Western blotting. Near con¯uent ®broblast cultures were seeded in 100 mm dishes (*5610 5 /dish) and incubated in growth medium for 2 days. The cells were irradiated with 254 nm UV light as described (Mirzayans et al., 1992) and incubated in growth medium. The cells were then centrifuged and resuspended in lysis buer (62 mM Tris (pH 6.8), 10% glycerol, 2% SDS, 5% b-mercaptoethanol, 0.003% bromophenol blue). Cellular proteins (30 mg) were separated by 10% SDS-polyacrylamide gel electrophoresis and transferred to Hybond-P membranes (Amersham Corp., Oakville, ON, Canada). The membranes were washed for 1 h in blocking buer (5% nonfat dry, Carnation milk in PBS), and incubated for 1 h in the same buer containing either a p53 speci®c monoclonal antibody (1801; Oncogene Science, Manhassett, NY, USA) or a p21 speci®c monoclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Antibody reactions were visualized by the Amersham chemiluminescence procedure using a horseradish peroxidase-conjugated goat anti-mouse IgG as the secondary antibody (Amersham Corp., Oakville, ON, Canada), and quanti®ed by a digitized image analyzer (Palcic and Jaggi, 1990) .
Northern blot analysis
RNA was isolated from ®broblast cultures using TRIzol reagent (Gibco/BRL, Burlington, ON, Canada) according to the manufacturer's directions. Total RNA was resolved on 1.5% agarose-formaldehyde gels (20 mg RNA per lane) and transferred to Hybond-N + membranes (Amersham Corp., Oakville, ON, Canada). After baking at 808C for 1 h, each membrane was hybridized with [ 32 P]dCTP labeled probes generated using the Oligolabeling Kit (Pharmacia, Biotech Inc., Baie d'Urfe, PQ) and exposed to a Kodak XAR-5 ®lm at 7708C with an intensifying screen. The intensity of resulting bands (corresponding to p21 WAF1 or bactin transcripts) appearing on the ®lm was quanti®ed by a digitized image analyzer.
Analysis of DNA repair
Repair of CPDs in the c-MYC gene was monitored by the use of T4 endonuclease V (TEV) and Southern blot analysis. Cells were irradiated with 5 J/m 2 UV, lysed immediately for the measurement of initial frequency of CPDs, or incubated for 6 h in growth medium and then lysed. To inhibit replicative DNA synthesis, the cells were incubated in the presence of hydroxyurea (1 mM) postirradiation. The frequency of CPDs in c-MYC was determined by treating puri®ed, restriction enzymedigested DNA with TEV. To this end, using standard procedures (Ausubel et al., 1998; Mirzayans et al., 1993) , high molecular weight DNA was extracted from cell lysates with phenol and chloroform. The DNA was puri®ed, washed in 70% ethanol, suspended in Tris/EDTA buer, pH 8.0 and digested with BamHI to yield 20 kb fragments containing c-MYC. Each DNA sample was treated or mock-treated with TEV, electrophoresed in parallel in 0.6% alkaline agarose gels for *20 h at 35 V in a buer consisting of 30 mM NaOH and 2 mM EDTA. The DNA was transferred to Hybond-N + membrane (Amersham Corp., Oakville, ON, Canada) and hybridized to 32 Plabeled, 1.2 kb EcoR ± ClaI human c-MYC exon 3-speci®c DNA as described (Mirzayans et al., 1993) . Support membranes were washed and exposed to Kodak XAR-5 ®lm at 7708C for 2 ± 6 days. After development of each ®lm its image was scanned by an IBM computer using a video camera. The intensity of hybridized signal (band) for each sample was determined by a digitized image analyzer. These values were corrected for background using intensities found immediately above each band (Jones et al., 1991) . The average number of CPDs (TEV-susceptible sites) per fragment was calculated by the Poisson expression (Bohr et al., 1985) .
Clonogenic survival assay
Fibroblasts harvested in late logarithmic growth phase were plated and exposed to UV at 0 ± 15 J/m 2 . Cells were incubated for 3 weeks with weekly medium changes and then stained with Crystal Violet to determine the number of colonies with 450 cells.
RNA synthesis assay
Fibroblast cultures in late logarithmic growth were innoculated at 10 5 cells/dish in 60 mm dishes and incubated overnight in growth medium (lacking dThd) and for an additional 18 ± 20 h in medium containing 180 Bq/ml [methyl- 14 C]dThd (stock speci®c activity, 2610 9 Bq/mmol). After removal of the radioactive medium, cultures were exposed to UV (or left unirradiated), incubated in fresh medium for various times, and pulse-labeled with 7.2610 4 Bq/ml [ 3 H]uridine (speci®c activity, 1.37610 12 Bq/mmol) for 1 h. Cells in each dish were then lysed in a 2% SDS solution and the amount of trichloroacetic acid-insoluble radioactivity in each lysate was determined as described (Mirzayans et al., 1996) . The rate of RNA synthesis was expressed as a percentage of the resulting [ 3 H/ 14 C] ratios for irradiated compared to unirradiated cultures.
Measurement of apoptosis
Fibroblast cultures were plated out and treated with UV as described above for Western blotting. After test incubations,¯oating and adherent cells for each sample were combined and tested for apoptosis by DNA fragmentation assay, propidium iodide (PI) exclusion assay, as well as ow cytometric measurement of hypodiploid cell population. DNA fragmentation was examined by agarose gel electrophoresis as described by Jarvis et al. (1994) . Brie¯y, cells (2610 6 per group) were lysed by incubation in 10 mM Tris-HCl (pH 7.4) containing 20 mM EDTA and 0.1% Triton X-100, and then treated with 100 mg/ml proteinase K for 16 h at 558C. The lysate was centrifuged at 30 000 g for 45 min (48C) and the pellet containing unfragmented bulk DNA discarded. The supernatant was treated with ribonuclease-A for 4 h (378C) after which the DNA present in the resultant extract was resolved by electrophoresis at 8 V/cm for 30 min on agarose gels (2%). After staining gels with ethidium bromide, DNA fragments were visualized under UV light and photographed. Thus, in this approach, the DNA present in the gel re¯ects small molecular weight DNA from a constant number of cells rather than a ®xed amount of DNA. For PI-exclusion assay, cells were rinsed in PBS and stained with PI (10 mg/ml in PBS). The cells were viewed under a Leitz Laborlux microscope with a 530 nm ®lter at 6250 magni®cation and the percentage of PI stained cells was determined. For¯ow cytometry, cells were sequentially treated with trypsin (0.003%), trypsin inhibitor (0.05%), ribonuclease A (0.01%), and ®nally propidium iodide (0.0416%) ± spermine tetrachloride (5 mM) solution (Vindelùv et al., 1983) . Analysis was performed within 1 h of staining using a FACSort cytometer (Becton-Dickinson, San Jose, CA, USA).
